The superradiant spontaneous emission is caused by the collective interaction of quantum emitters. Such collective interaction also exists in nanoscale resonant thermal emitters, resulting in the analog of superradiance in thermal emission. OCIS codes: (300.4238) Nanophotonics and photonic crystals; (290.6815) Thermal emission Nanostructured thermal emitters has attracted an increasing amount of interests because of its energy applications. It would be very important to understand the fundamental thermal emission processes in nano-emitters. One question of particular importance is how the thermal emission power scales with the number of nano-emitters. Here we show that the power scaling law of nanoscale thermal emitters can significantly deviate from the traditional linear relation.
Nanostructured thermal emitters has attracted an increasing amount of interests because of its energy applications. It would be very important to understand the fundamental thermal emission processes in nano-emitters. One question of particular importance is how the thermal emission power scales with the number of nano-emitters. Here we show that the power scaling law of nanoscale thermal emitters can significantly deviate from the traditional linear relation.
The superradiance of quantum emitters [1] shows that when N emitters are placed together in a subwavelength dimension, the temporal emission intensity scales as . It's a direct consequences of the wave effect uniquely found in the subwavelength dimension, where emitted photons induce in-phase oscillation of resonant transitions in quantum emitters. Superradiance has never been considered to be present in the thermal emitters, which is vaguely justified by their incoherent emission process and the absence of excited two-level systems. In contrast to this conventional notion, an analog of superradiant emission in nano-emitters is demonstrated here. The superradiance of thermal emitter significantly affects the power scaling of nanoscale thermal emitters.
For typical thermal emitters, the effect of superradiant interaction is absent. The emission power scales linearly with the number of resonators. In order to observe the collective interaction among thermal emitters, the emitters should support an optical resonance. In addition, they need to be placed in a subwavelength dimension. With the presence of the superradiance, thermal photons will share the same phase among all nearby thermal emitters. As a result, the power scaling law will be significantly modified. We use full-wave simulation to directly verify above prediction. A non-resonant thermal emitter is constructed by a block of emissive material. The dimension of the block is 1 nm by 0.5 nm. The resonant thermal emitters is constructed by a slit in a slab of perfect electric conductor (PEC), as shown in Fig. 1a . The dimension of the slit is by 0.5 nm. It is filled with emissive materials. The slit forms an optical resonator, which provides a resonance at . Thermal emission is simulated by electric current sources of random phases, which are placed randomly in the emitters. Fig.1c~d shows the emission from one and five nonresonant thermal emitters, respectively. As expected, 5 emitters together creates 5 times more power. In great contrast, Fig. 1e~f show the emission from one and five resonant thermal emitters, respectively. The total emission power from 5 emitters is suppressed by 5 times instead! The power reduction shares the same physics as the power enhancement in conventional superradiant spontaneous emission, i.e. the in-phase oscillation of resonance. The apparent difference in power scaling is because the thermal emission is observed in the frequency domain while that of the quantum emitters is observed in the time domain.
This superradiant effect can be well explained by coupled mode theory [2] . The amplitudes of the resonances in the emitters are described by a. As shown in Fig. 1a , in resonant thermal emitters, there exist two decay pathways for the resonance. One is to escape to the far-field as emission, which is described by the coupling rate ; the other is to get reabsorbed by the emissive material, which is described by the absorption rate . Given the thermal excitation source, which is described by n, the amplitude of the resonance in the emitter is governed by the following equation:
where is the resonance frequency, matrix I is N by N identity matrix, . The fluctuation-dissipation theorem dictates that the thermal excitation n satisfies the following equation [3] (2) where and are the reduced Plank constant and Boltzmann constant, respectively. and are the angular frequencies. T is the temperature, and is the delta function. i, j represent sources in the emitters i and j, respectively. What enables the superradiant effect is the unique interaction among resonant emitters represented by . It is created by the back action of the emitted far-field wave [4] .
By solving Eq. 1, the emission power spectral density of N resonant thermal emitters in a subwavelength dimension is obtained
The back action induces phase synchronization. Hence emitter oscillates in phase, which is the primary physical mechanism of superradiant spontaneous emission. As a direct consequence, the lifetime of photons in the emitters significantly reduces, leading the decrease in emission power.
The theory then is valid by comparing theoretical prediction and simulation results. As shown in Fig. 1b , the theoretical predictions, which are indicated by lines, match very well with numerical simulations, which are indicated by markers. 
